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We have performed angle-resolved photoemission spectroscopy (ARPES) on layered ternary com-
pounds ZrGeXc (Xc = S, Se, and Te) with square Ge lattices. ARPES measurements with bulk-
sensitive soft-x-ray photons revealed a quasi-two-dimensional bulk-band structure with the bulk
nodal loops protected by glide mirror symmetry of the crystal lattice. Moreover, high-resolution
ARPES measurements near the Fermi level with vacuum-ultraviolet photons combined with first-
principles band-structure calculations elucidated a Dirac-node-arc surface state traversing a tiny
spin-orbit gap associated with the nodal loops. We found that this surface state commonly exists
in ZrGeXc despite the difference in the shape of nodal loops. The present results suggest that the
spin-orbit coupling and the multiple nodal loops cooperatively play a key role in creating the exotic
Dirac-node-arc surface states in this class of topological line-node semimetals.
PACS numbers: 71.20.-b, 73.20.At, 79.60.-i
I. INTRODUCTION
Topological insulators (TIs) are characterized by a
gapless edge or a surface state (SS) protected by time-
reversal symmetry [1–3]. The discovery of TIs triggered
extensive explorations of new types of topological phases
of matter, such as topological crystalline insulators with
surface Dirac-cone bands protected by mirror reflection
symmetry [4–8] or time-reversal-invariant topological su-
perconductors with surface Majorana modes traversing
the bulk superconducting gap [9–13]. While all these
topological materials commonly possess a finite energy
gap in the bulk low-energy excitations, there exists an-
other class of topological materials called topological
semimetals (TSMs) which are characterized by gapless
bulk excitations [14–21]. Currently, TSMs are a target of
intensive investigations, since they provide a promising
platform to realize various exotic quantum phenomena
distinct from those of topological materials with a bulk
gap.
TSMs are classified into two categories depending on
how the bulk valence and conduction bands contact
each other in the Brillouin zone (BZ). Dirac semimet-
als (DSMs) and Weyl semimetals (WSMs) are character-
ized by linearly dispersing bulk bands crossing at a dis-
crete single point in k space (Dirac/Weyl point). On the
other hand, in line-node semimetals (LNSMs), the cross-
ing point extends one-dimensionally in k space (nodal
line/loop), being protected by the crystal symmetry such
as mirror reflection or nonsymmorphic glide mirror sym-
metry. It has been theoretically predicted that WSMs
host Fermi-arc SSs which connect the surface projec-
tion of Weyl points [22–25]. In fact, the existence of
such Fermi-arc SSs was verified by angle-resolved photoe-
mission spectroscopy (ARPES) with noncentrosymmet-
ric transition-metal monopnictides such as TaAs, NbAs,
or NbP [26–31]. In contrast, no unified explanation has
been established on how the SSs emerge in LNSMs be-
cause the symmetry associated with the bulk line node
is often broken at the surface and, as a result, there is
no guarantee for the emergence of robust topological SSs.
Hence, it is an important challenge to identify and un-
derstand the SSs in LNSMs.
Among various LNSMs, particular attention has been
paid to the layered ternary system WHM (W = Zr and
Hf; H = Si, Ge, Sn, and Sb; M = O, S, Se, and Te) with
the PbFCl-type (space group P4/nmm) crystal structure
[see Fig. 1(a)]. Previous ARPES studies on ZrSiS with
vacuum-ultraviolet (VUV) photons [32–34] identified two
types of line nodes; one below the Fermi level (EF) ex-
tending along the XR/MA line [see Fig. 1(b)] protected
by screw and time-reversal symmetries, and another with
a diamond shape around EF at kz = 0 and pi planes
protected by glide mirror symmetry. Besides these bulk
states, a SS has been commonly observed around the X¯
point in ZrSiXc (Xc = S, Se, Te), HfSiS, ZrSnTe, and
ZrGeTe [32–40]. This SS is located away from the nodal
loops and may originate from a dangling bond or a “float-
ing” SS [39] created by a symmetry reduction at the sur-
face, as shown in first-principles band-structure calcula-
2tions [41]. Intriguingly, it was discovered that there ex-
ists another, unexpected SS alongside the nodal loops in
HfSiS [36]. This SS shows a peculiar Dirac-node-arc dis-
persion with the Dirac point extending one-dimensionally
along the ΓM line, and is neither reproduced by the bulk-
band- nor the slab-calculations. Since its discovery in
2016, this Dirac-node-arc SS attracts a lot of attention
[39, 40, and 42] as a rare case where a topological feature
is discovered without any theoretical prediction. To pin
down the origin of this unexpected SS, it is of great im-
portance to clarify whether a similar SS exists or not in
otherWHM compounds and how its properties are linked
to the bulk nodal features.
In this article, we report comprehensive ARPES stud-
ies of ZrGeXc (Xc = S, Se, and Te). By utilizing bulk-
sensitive soft-x-ray (SX) photons, we identify a quasi two-
dimensional (2D) Fermi surface (FS) hosting bulk nodal
loops at kz = 0 and pi. The ARPES with VUV pho-
tons revealed a Dirac-node-arc SS dispersing across the
small spin-orbit gaps of nodal loops at kz = 0 and pi;
importantly, this SS is commonly found in all three com-
pounds, demonstrating its universal nature. We discuss
characteristics of the observed SS in relation to the bulk
nodal loops characterized by the Zak phase and the SSs
found in other LNSMs.
II. EXPERIMENTAL AND THEORETICAL
METHODS
High-quality single crystals of ZrGeXc (Xc = S, Se,
and Te) were synthesized with a chemical vapor transport
method [36]. ARPES measurements with VUV photons
were performed with a Scienta-Omicron SES2002 elec-
tron analyzer with synchrotron light at BL28 in Photon
Factory. We used circularly polarized light of 36-200 eV.
ARPES measurements with bulk-sensitive SX photons
were performed at BL2 with 350-600 eV photons with
horizontal linear polarization. The energy resolutions for
VUV- and SX-ARPES measurements were set at 10-30
meV and 150 meV, respectively. Samples were cleaved in
situ along the (001) crystal plane in an ultrahigh vacuum
of 1×10−10 Torr, and kept at 30 K during the measure-
ments. Sample orientation was determined by Laue x-ray
diffraction prior to the ARPES experiment. The Fermi
level of samples was referenced to that of a gold film evap-
orated onto the sample holder. We have confirmed that
the cleaved surface contains a shiny mirror-like flat plane,
as can be recognized from a sharp laser spot reflected
from the cleaved sample surface. The cleaved surface is
always terminated by the Xc atoms, which is consistent
with our observation that the spectral feature is fairly
reproducible for different cleaves.
First-principles band-structure calculations were car-
ried out by a projector augmented wave method im-
plemented in Vienna Ab initio Simulation Package
(VASP) code [43] with generalized gradient approxima-
tion (GGA) [44]. The spin-orbit coupling (SOC) was
FIG. 1. (color online). (a) Crystal structure of ZrGeSe. (b)
Bulk tetragonal BZ (black) and corresponding surface BZ
(blue). (c) ARPES-intensity mapping at EF of ZrGeSe as a
function of kz and in-plane wave vector k‖ along ΓM (ZA) line
measured at hν = 300-600 eV. (d) ARPES-intensity mapping
at EF as a function of in-plane wave vectors (kx and ky) at kz
= 0 (hν = 544 eV). (e) Calculated Fermi surface for ZrGeSe
at kz = 0. (g) Same as (d) but at kz = pi (hν = 325 eV). (h)
Same as (e) but at kz = pi. (f), (i) ARPES-intensity plots as
a function of in-plane wave vector and EB along cuts A and
B in panel (d) and cuts C and D in panel (g), respectively.
included as the second variation in the self-consistent-
field iterations. For the bulk calculations, in-plane lattice
constant is fixed to the experimental value. For the slab
calculations, we have chosen a four unit cell (four quintu-
ple layers; QLs) of ZrGeXc and adopted a periodic slab
model with 1.5-nm-thick vacuum layer. Lattice param-
eter and atomic positions have been relaxed during the
slab calculation except for the in-plane lattice constant
which is fixed to the experimental value.
III. RESULTS AND DISCUSSION
First, we present the bulk-band structure of ZrGeSe.
To visualize the nodal loops originating from the bulk
bands, it is essential to use bulk-sensitive SX photons. In
fact, previous VUV-ARPES measurements on this ma-
terial class (e.g. ZrSiS and HfSiS) [32–40] significantly
suffered from the strong kz-broadening effect and, as a
result, could not precisely argue the three-dimensional
(3D) dispersion of the bulk bands. Figure 1(c) shows
3FIG. 2. (color online).(a) ARPES-intensity mapping at EF at hν = 48 eV. (b)-(d) ARPES intensity near EF along cuts A-C
(top) and corresponding calculated bulk-band dispersions for several kz’s ranging from 0 to pi with the interval of 0.1pi. (e)
Magnified view of the banana-shaped FS measured at hν = 48 eV. Dashed line is a guide for the eyes to trace the FS of SSs. (f)
Near-EF ARPES intensity along cut D in (a). (g) Schematic band structure in E-k space for the Dirac-node-arc SS obtained
from the experimental band dispersions around the banana-shaped FS.
the ARPES-intensity mapping at EF as a function of kz
and in-plane wave vector k‖ along the ΓM cut obtained
with SX photons. One can recognize a nearly straight
bright intensity pattern at ∼ ±0.5 A˚−1 which originates
from the FS formed by the Ge 4p and Zr 4d bands. This
FS shows a finite wiggling with a periodicity matching
that of the bulk BZ. These results establish the quasi-2D
nature of the electronic states in ZrGeSe.
To visualize the FS topology associated with the pre-
dicted nodal loop at kz = 0, we chose the photon energy
of 544 eV and mapped out the ARPES intensity as a
function of the in-plane wave vectors in the ΓXMX (kz
= 0) plane, as shown in Fig. 1(d) (for the relationship
with the nodal loops and calculated band structure, see
Fig. 6 in Appendix A). The obtained large diamond-like
FS centered at Γ shows a good agreement with the calcu-
lated FS, which includes SOC [Fig. 1(e)], reflecting the
nodal loop near EF protected by nonsymmorphic glide
mirror symmetry of the crystal (note that the small cir-
cular pocket at Γ predicted in the calculation is absent
in the experiment). In fact, as shown in Fig. 1(f), the
energy dispersion along the k cut passing through the
nodal loop [cut A; see also Fig. 1(d)] shows a Λ-shaped
dispersion due to the intersection of the Zr 4d and Ge 4p
bands. This means that the observed loop at EF is es-
sentially an extended version of the “Dirac point” coming
from an extended band crossing. Such a feature is also
resolved along the cut B, consistent with the existence
of a nodal loop formed by the continuous band crossing
in k space. It is noted that the nodal loop is actually
gapped with maximally 30 meV upon inclusion of SOC
in the calculation, as detailed later.
Figures 1(g) and 1(h) display the ARPES-intensity
mapping for ZRAR (kz = pi) plane measured at hν =
325 eV and the corresponding calculated FS, respectively.
One can see that the shape of experimental FS at kz =
pi slightly shrinks compared to that at kz = 0, with a
stronger concave distortion. Importantly, the FS at kz
= pi seems to have a “neck” near R, which is absent in
the FS at kz = 0. Such spectral feature is consistent
with the calculated FS shown in Fig. 1(h), although the
experiment does not resolve two diamond-like FS sheets
centered at Z, mainly due to the lower resolution of the
SX-ARPES compared to the VUV one. It is noted that
this dual FS is caused by a downward energy shift of the
nodal loop and the resultant EF crossing of the upper
Dirac-like band (for details, see Appendix A). Neverthe-
less, a Λ-shaped Dirac-like band can be visualized along
the cuts C and D in Fig. 1(i), in support of the exis-
tence of a nodal loop on the ZRAR plane. These results
support the existence of nodal loops at both kz = 0 and
pi as the sole energy states near EF in ZrGeSe. We will
discuss later that existence of two nodal loops is essential
for the emergence of the Dirac-node-arc SS.
Now that the bulk nodal-loop structure is established,
the next important issue is to clarify the existence of a
SS. For this sake, we performed surface-sensitive VUV-
ARPES measurements. Figure 2(a) displays the ARPES-
intensity mapping at EF as a function of in-plane wave
vectors for ZrGeSe measured at hν = 48 eV. One finds a
“banana”-shaped FS elongated along the XX direction,
together with a small pocket at X¯, similarly to ZrSiS and
HfSiS [32–34, 36, and 39]. The banana-shaped FS is as-
sociated with the bulk nodal loop while the small pockets
at X¯ originate from the surface floating band [39 and 45].
As seen in Fig. 2(b) where the ARPES intensity (top)
along the cut A [marked in Fig. 2(a)] is compared with
the corresponding bulk band-structure calculations (bot-
tom), the energy bands that contribute to the banana-
shaped intensity [Fig. 2(a)] originate mainly from the
linearly dispersing Zr 4d band at kz = pi and the Ge
4p band at kz = 0. This assignment is consistent with
the Fermi vectors in Figs. 1(f) and 1(i). One can also
see in Fig. 2(b) a broad and weak intensity pattern in-
4FIG. 3. (color online). (a)-(c) Comparison of ARPES-derived
band dispersions among ZrGeXc (Xc = S, Se, and Te), to-
gether with (d)-(f) corresponding calculated band structure
at kz = 0 (solid curve) and pi (dashed curve).
side these bands at the binding energy EB of 0.1-0.5 eV,
which shows a good correspondence with the projection
of the calculated Zr 4d and Ge 4p bands. These results
confirm that the spectral feature observed with VUV-
ARPES significantly suffers a strong kz-broadening effect
[32–38, and 40].
We found a signature of the SS inside the banana-
shaped FS. As visible in the ARPES intensity along the
cut B [Fig. 2(c)], there exists an unusual band dispersion
within 0.15 eV of EF whose band velocity is obviously dif-
ferent from that of the bulk bands. This band is likely
attributed to the SS [36], since it is not reproduced in
the bulk-band calculations [bottom panel of Fig. 2(c)].
The absence of such feature in more bulk-sensitive SX-
ARPES may be in support of its surface origin, although
poorer resolution of SX-ARPES could also be responsi-
ble for it. In addition, the band seems to exist inside the
projected gap of the bulk bands [see also Fig. 2(d)]. A
close look at the banana-shaped FS in Fig. 2(e) further
reveals that the SS forms a cross-shaped FS inside the ba-
nana [Fig. 2(e)] with an X-shaped dispersion along the
cut D [Fig. 2(f)]. Such a behavior is better visualized in
the experimental band dispersion in the kx-ky space as
shown in Fig. 2(g), which signifies the X-shaped disper-
sion extending along a line on the ΓM plane forming a
characteristic Dirac-node arc [36].
Next, to examine the universality of the spectral fea-
ture among the ZrGeXc family, we have systematically
performed VUV-ARPES measurements of ZrGeXc (Xc
= S, Se, and Te), and compare in Fig. 3 the experi-
mental valence-band dispersion measured along the ΓX
line, together with the calculated band dispersions. One
can notice several dispersive bands in all the compounds.
Holelike bands topped at ∼3 eV in ZrGeS are attributed
to the S 3p bands. One can also recognize similar chalco-
gen bands in ZrGeSe [Fig. 3(b)] and ZrGeTe [Fig. 3(c)],
while these bands systematically move upward from S-
to Te-compounds. Such a chemical trend is qualitatively
reproduced in the calculations shown in Figs. 3(d)-3(f),
although some quantitative discrepancies are seen in the
energy position of the chalcogen bands. As seen in Fig.
3(c), the Te 5pbands in ZrGeTe are relatively close to EF
in the experiment and they complicate the band structure
near EF. Moreover, the ARPES intensity of ZrGeTe is
relatively broad compared to those of ZrGeS and ZrGeSe.
This could originate from the larger kz dispersion, as in-
ferred from the large difference in the energy location of
the calculated bands between kz = 0 and pi [Fig. 3(f)]
compared to those in ZrGeS and ZrGeSe [Figs. 3(d) and
3(e)]. We also note that while the energy position of the
chalcogen p bands changes significantly, the states near
EF are rather unchanged, as seen in the similar ARPES
intensity profile between ZrGeS and ZrGeSe [Figs. 3(a)
and 3(b)].
With this clarification of the chalcogen-dependence of
the valence-band structure, next we clarify the evolu-
tion of the FS. Figures 4(a)-4(d) show a direct compari-
son of the FS mapping among ZrGeXc family and HfSiS
[36]. One can immediately notice that the FS topology
is essentially the same among these compounds except
for small quantitative differences. For example, a small
pocket from the trivial SS at X¯ is commonly resolved,
whereas the doubling of this FS due to the Rashba split-
ting seen in HfSiS [36] is not clearly observed in ZrGeXc,
likely because of a weaker atomic SOC of Zr compared
to that of Hf. The banana-shaped FS is also resolved in
all the compounds, while that of ZrGeTe appears to be
relatively “fat” and the corner of the banana near X¯ is
obscured. This difference may be attributed to the Te 5p
bands, which are located closer to EF and have a larger
kz dispersion in ZrGeTe as seen in Fig. 3. Despite the
quantitative difference in the shape of the banana-like FS
and the bulk-band dispersion, Fig. 4(e) shows that the
unusual band-bending near EF commonly occurs in all
the compounds, demonstrating that the Dirac-node-arc
SS is a universal feature of ZrGeXc.
Now we discuss the possible origin of the Dirac-node-
arc state. One may wonder that this feature might orig-
inate from the bulk band, since it lies at the edge of the
bulk-band projection, as suggested from a comparison of
the calculated band structure and the ARPES intensity
in Figs. 2(b)-2(d). However, this is unlikely the case
because (i) one can see a linearly dispersive bulk band
up to EF besides the band forming the Dirac-node arc,
and (ii) the band degeneracy along ΓM [see Fig. 2(g)] is
not reproduced in the bulk-band calculations. The sur-
face origin of the Dirac-node arc is in line with recent
scanning-tunneling-microscopy experiments, which sug-
5FIG. 4. (color online). (a)-(d) ARPES-intensity mapping at EF of (a) ZrGeS, (b) ZrGeSe, (c) ZrGeTe, and (d) HfSiS
36. (e)
Near-EF ARPES intensity along cuts A-D in panels (a)-(d), respectively. (f)-(h), Comparison of schematic surface and bulk
electronic structure among WSM, LNSM with single nodal loop and drumhead SS, and ZrGeXc. Red vertical allow along kz
shows an integral path of Berry connection. Red filled and open circles on surface BZ stand for the Zak phase of pi and 0,
respectively.
gest the existence of SSs around the ΓM line based on
the quasiparticle interference pattern [46 and 47]. Pro-
vided that the Dirac-node arc is a SS, one may naturally
think that it would be reproduced in the slab calcula-
tions. However, while our slab calculations appear to
show energy bands traversing the bulk-band gap which
might be assigned as the surface states, these bands show
ordinary dispersion in the kx-ky plane, different from the
dispersion expected from the Dirac-node arc (for details,
see Appendix B). Although we carried out the slab calcu-
lations by taking into account various possibilities (e.g.,
stacking faults, surface relaxations, topmost unit layers
which are isolated from the bulk, surface islands with
dispersive edge-localized states), none of them satisfac-
torily reproduced the observed Dirac-node-arc dispersion
(for details, see Appendix C). Moreover, when SOC is in-
cluded in the slab calculations, it always leads to an open-
ing of a finite spin-orbit gap along whole ΓM line, and
therefore the symmetries peculiar to the surface do not
allow a gapless band crossing along this line, which con-
tradicts the experiment. One may argue that the electron
correlations and the resultant band-mass renormalization
of quasiparticles, revealed in the quantum-oscillation ex-
periments [48 and 49], may be enhanced at the surface,
but the generality of such a correlation-induced mass en-
hancement is questionable. We think that the reason why
the Dirac-node-arc SS is hardly reproduced by the slab
calculations is partially because of the very small bulk
spin-orbit gap. This would lead to longer penetration
depth of the SS into bulk, and could promote the strong
hybridization between the top and bottom SSs to result
in the modification of the shape of calculated SS; how-
ever such hybridization should not occur in a real crystal
(for details, see Appendix C).
Nevertheless, it would be useful to summarize the sim-
ilarities and differences of the observed SS with those
of other LNSMs to deepen its understanding. It is well
known that Fermi-arc SSs connecting the surface projec-
tion of Weyl nodes exist in WSMs due to the topological
requirement, which essentially arises from the nature of
Weyl-node pairs having opposite topological charges [Fig.
4(f)]. On the other hand, in LNSMs, there is no uni-
fied picture regarding the relationship between the nodal
lines and the appearance of a SS because of the difficulty
6in explicitly defining the topological properties for var-
ious types of line nodes [50–52]. In some LNSMs with
a single nodal loop such as CaAgP [53] and Ca3P2 [54],
theories predicted the existence of drumhead SSs in the
band-inverted k region that connect the surface projec-
tion of nodal points between positive and negative k’s
across the Γ point [Fig. 4(g)] [55–57]. On the other hand,
in ZrGeXc, the SS connects the surface projection of two
nodal loops at kz = 0 and pi without passing through the
Γ point [Fig. 4(h)], distinct from the drumhead SSs. We
discuss in the following that such a difference could be
explained by the Zak phase.
It has been theoretically proposed that the topological
index of a nodal loop under negligible SOC is given by the
Zak phase which corresponds to a line integral of Berry
connection along a path parallel to the kz axis in the 3D
BZ [54],
P (k‖) = −i
∑
Ei<EF
∫ pi
−pi
〈ui(k)|∂kz |ui(k)〉dkz (1)
where ui(k) is a Bloch wave function for the ith band, as
shown by vertical red arrows in Figs. 4(g) and 4(f). The
Zak phase takes a different value depending on whether
the integral path is inside or outside the nodal loop,
which corresponds to the band-inverted or band-non-
inverted region, respectively. When a single nodal loop
exists [Fig. 4(g)] (e.g. at the kz=0 plane), one can natu-
rally expect an emergence of a drumhead SS at the (001)
surface due to the non-trivial Zak phase of pi inside the
loop. When another smaller nodal loop is added to the
kz=pi plane [Fig. 4(h)], the Zak phase inside the small
loop becomes 2pi (= pi + pi) because the band inversion
takes place twice (one for the larger and the other for
the smaller loops). Since the Zak phase of 2pi is equal to
0, we expect the absence of nontrivial SS (nontrivial in
terms of the Zak phase but not in terms of the Z2 topo-
logical invariant) in this double band-inverted k region.
Such absence of the nontrivial SS is also expected for the
k region outside the larger nodal loop, because this re-
gion is also characterized by the Zak phase of 0 due to
the absence of band inversion. On the other hand, in the
k region between the smaller and larger nodal loops, the
Zak phase becomes pi due to the single band inversion
from the larger nodal loop. As a result, nontrivial SS
is expected to emerge. Intriguingly, this is exactly the
case of the present ARPES observation which reveals the
existence of Dirac-node-arc SS between the kz=0 and pi
nodal loops.
While the above discussion assumes a negligible SOC,
an influence of a finite SOC, which opens up an energy
gap at the nodal loop, should not be neglected in the
actual system, as can be seen from the SOC-gap open-
ing in our band-structure calculations in Figs. 2(b)-2(d).
In this context, one may think that the discussion based
on the Z2 topological index applied for 3D TI would be
more appropriate to specify the topological nature of the
Dirac-node arc SS. From a consideration of k location of
the band inversion (i.e., Γ and Z), one can conclude that
the system becomes a weak TI characterized by the Z2
topological index of (0;001) if we assume a curved chemi-
cal potential that passes the k-dependent spin-orbit gap.
In such a case, a topological SS would not emerge on the
(001) surface (if a SS appears, it would be trivial in terms
of the Z2 index); however, this is apparently conflicting
with our observation. Thus, an argument that simply
replies on the Z2 topological index does not catch a whole
picture of the underlying topology of the Dirac-node-arc
SS. This conclusion is further supported by our observa-
tion of universal Dirac-node-arc SS on several different
materials (ZrGeS, ZrGeSe, ZrGeTe, and HfSiS) that sug-
gests its robustness against structural perturbations; this
cannot be simply explained in terms of the trivial nature
of the Dirac-node-arc SS. The present result thus sug-
gests that, even under a finite SOC, the concept of the
Zak phase is still useful to discuss the underlying topol-
ogy of the nodal loops and the Dirac-node-arc SS.
IV. SUMMARY
Our SX- and VUV-ARPES studies of ZrGeSe revealed
the existence of bulk nodal loops both at kz = 0 and
pi, together with the Dirac-node-arc SSs connecting the
nodal loops. We found that the Dirac-node-arc SS is a
universal feature of ZrGeXc (Xc = S, Se, and Te) despite
the quantitative difference in the shape of nodal loops.
This result serves as a foundation for understanding the
interplay between the appearance of SSs and bulk nodal
lines in LNSMs.
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Appendix A: SPIN-ORBIT-COUPLING EFFECT
ON BULK NODAL LINE IN ZrGeSe
We discuss in Fig. 5 the influence of SOC on the elec-
tronic band structure of ZrGeSe. ZrGeSe is expected to
show a stronger SOC effect compared to the ZrSiXc fam-
ily [32–34, 37–39] due to heavier atomic mass of Ge than
that of Si. The inclusion of SOC in the bulk-band cal-
culation of ZrGeSe resulted in the energy gap opening of
maximally 30 meV at the nodal point, as shown in Figs.
7FIG. 5. (color online). (a) Calculated band structure includ-
ing SOC for bulk ZrGeSe. (b) Magnified view of the band
structure in the area enclosed by red rectangle in (a). Upper
and lower panel shows the case without and with SOC. (c),
(d) Same as (a) and (b) but for 4QL slab.
5(a) and 5(b). Similar behavior is also seen in the slab
calculations for 4QL ZrGeSe [Figs. 5(c) and 5(d)].
We show in Figs. 6(a) and 6(b) the ARPES-intensity
mapping as a function of 2D wave vector (kx and ky) for
some representative binding-energy slices (EB = 0, 0.4,
and 0.8 eV), measured at kz = 0 and pi planes, respec-
tively, with SX photons. We also show in Figs. 6(c) and
6(d) the calculated bulk-band dispersion with and with-
out SOC, respectively, obtained along several k cuts in
the kx-ky plane across the nodal loops [cuts A-F in Fig.6
(a) and 6(b)]. As shown by the calculated band disper-
sion without SOC along cuts A-C in Fig. 6(c), the nodal
points (band-crossing points) exist very close to EF at
kz = 0, whereas those at kz = pi are located 0.15–0.2 eV
below EF. Upon inclusion of SOC, the nodal points are
gapped with maximally 30 meV as shown in Fig. 6(d),
while the overall linear dispersion outside the gap remains
almost unchanged. As seen in Fig. 6(a), a diamond-like
intensity pattern at EB = 0 eV which originates from
nearly degenerate Ge 4p and Zr 4d bands, splits into inner
(Zr 4d) and outer (Ge 4p) diamonds upon increasing EB,
and they gradually separate from each other, consistent
with the overall calculated band dispersion in Figs. 6(c)
and 6(d). A similar trend is also seen for the band dis-
persion at kz = pi in Fig. 6(b), whereas a small splitting
of diamonds at EB = EF expected from the calculation
is not clearly resolved likely due to insufficient resolution
of SX-ARPES.
FIG. 6. (color online). (a), (b) ARPES-intensity mapping of
ZrGeSe at kz = 0 and pi respectively, plotted as a function
of kx and ky for representative EB slices (EB = 0, 0.4, and
0.8 eV), measured with SX photons. (c), (d) Calculated band
structure without and with SOC, respectively, obtained along
cuts A-F in (a) and (b).
Appendix B: COMPARISON OF BULK AND
SLAB CALCULATIONS FOR ZrGeSe
To discuss the surface contribution to the electronic
states, we show in Figs. 7(a) and 7(b) the calculated
band structure for ZrGeSe along the high-symmetry lines
for bulk at several kz slices, and for 4 QL slab, respec-
tively. As can be seen from the area enclosed by an or-
ange rectangle, the calculations for bulk and 4QL com-
monly show narrow spin-orbit gap around the crossing
points (line node) of the linearly dispersive bands. Inter-
estingly, the gap in the slab calculation is located at a
higher energy position by ∼0.25 eV compared to that in
the bulk-band calculation. Such a difference likely orig-
inates from a change in the charge balance associated
with an emergence of trivial SS near EF around the X¯
point in the slab calculation (marked by orange arrow).
When we directly overlap these calculations in Fig. 7(c),
the bands forming the lower Dirac-like dispersion in the
slab calculation appear to accidentally disperse across the
bulk band gap due to the mismatch in the location of the
energy gap. We have examined our slab calculations and
found that the “SS” traversing the bulk-band gap in Fig.
7(c) show ordinary dispersion in the kx-ky plane, differ-
ent from the dispersion expected from the Dirac-node-
arc-type dispersion.
8FIG. 7. (color online). Calculated band dispersion of ZrGeSe for (a) bulk and (b) 4QL slab. The 4QL slabs are separated
by 1.5-nm-thick vacuum layer. Thickness of green lines in (b) represents a weight of atomic orbitals projected onto topmost
QL. (c) Direct comparison of band dispersion around the nodal line in the region enclosed by orange rectangle in (a) and (b).
During the calculation, atomic positions of the slab are relaxed while keeping crystal symmetry. Also, in-plane lattice constant
is fixed to the experimental value (a = 3.706 A˚).
Appendix C: SLAB CALCULATIONS FOR ZrGeTe
WITH VARIOUS STRUCTURE MODELS
To theoretically reproduce the Dirac-node-arc SS, we
have considered 4QL-thick ZrGeTe with 1.5-nm vacuum
layer [see Fig. 8(a)] as a basic structure, and examined
various possibilities by modifying that structure. We
have chosen ZrGeTe because the SOC is the strongest
among ZrGeXc so that the change in the electronic states
can be most clearly visible.
We first examined a stacking fault (SF) at the surface.
We assumed a slab [Fig. 8(b)] modified from the original
slab [Fig. 8(a)] that contains the top and bottom Zr–Te
layers shifted by (1/2 G, 1/2 G, 0) (G: reciprocal lat-
tice vector) from the original slab. This shift is directly
visible from a comparison of the topmost unit layer with-
FIG. 8. (color online). (a) 4QL ZrGeTe slab with 1.5-nm
vacuum layer. (b) Modified slab with the SF at the top and
bottom Zr-Te layers. (c), (d) Magnified views of the topmost
unit cell for (a) and (b), respectively.
out SF [Fig. 8(c)] and with SF [Fig. 8(d)]. We show in
Figs. 8(a) and 8(b) the corresponding calculated band
structures. One can immediately see that the X-shaped
Dirac-like band at EB ∼ 0.3 eV in the SF-free calcula-
tion, which is attributed to the trivial SS [32–34, 36–40],
is not visible in the calculation with the SF. Instead, a
Dirac-like band appears at slightly right-hand side of the
X¯ point (midway between X¯ and M¯). Since this feature
is absent in the experiment, one can say at this stage that
such SF does not occur. A comparison of the band disper-
sions along the ΓM cut between Figs. 9(a) and 9(b) also
reveals that the overall gap magnitude is smaller in the
calculation with SF compared to that without SF. This
is more clearly visible from a magnified view around the
nodal line [area enclosed by red rectangle in Figs. 9(a)
and 9(b)] in Figs. 9(c) and 9(d). While the reduced en-
ergy gap in the calculation with SF may be in favor of the
gapless nature of the SS seen in the experiment, we found
that the calculated band structure hardly reproduces the
overall Dirac-node-arc dispersion, in particular, a sudden
change in the band velocity. These results suggest that
the SF is unlikely to be the origin of the Dirac-node-arc
SS.
Next we considered the possibility of surface relax-
ations. Overall, the bulk and slab calculations presented
in this study were carried out by relaxing atomic po-
sitions (e.g., calculations in Fig. 7 are for the relaxed
lattice). To examine the effect of surface relaxations, we
have carried out the slab calculation by fixing the atomic
positions and lattice constants as those in the experimen-
tal bulk crystal structure, and the result is shown in Fig.
9(e). When this is compared with the normal calculation
with surface relaxations [Fig. 9(a)], one can see no obvi-
ous difference between the two, in particular, regarding
the overall band dispersion around the nodal line along
the ΓM cut. This suggests that the surface relaxations
do not play a crucial role in the emergence of the Dirac-
node-arc SS.
9FIG. 9. (color online). (a) Calculated band structure for 4QL ZrGeTe slab. Thickness of green lines represents a weight of
atomic orbitals projected onto topmost QL. (b) Same as (a) but for modified slab with SF [see Fig. R3(b) for the slab structure].
(c), (d) Expanded view of band structure in the area enclosed by red rectangle in (a) and (b), respectively. (e) Same as (a)
but calculated with fixed input parameters of atomic positions. (f) Calculated band structure for a free-standing 1QL slab of
ZrGeTe (red curves), overlaid with the projection of calculated bulk bands (gray curves).
We also considered the possibility that the topmost
layer is isolated from the bulk and forms a 1QL-like
energy bands, by referring to the previous study that
reported a similarity between the experimental surface
band and the calculated 1QL band [35]. As shown in Fig.
9(f), our calculation for the 1QL slab shows a Dirac-like
band along the ΓM cut. However, this band hardly re-
produces the observed sizable change in the band velocity
with respect to that of the bulk, a characteristic of the
Dirac-node-arc SS.
All these considerations suggest that the observed
Dirac-node-arc SS is hardly reproduced by the slab cal-
culations, even when some structural modifications are
taken into account. We speculate that the reason why the
slab calculation hardly reproduces the observed Dirac-
node-arc SS is that the bulk spin-orbit gap is very small.
This enforces the SS to be located around the edge of the
bulk band, resulting in a long penetration depth into the
bulk. Unlike the case of a real crystal, a finite slab size
in the calculation would result in band hybridization be-
tween the top and bottom SS and may strongly modulate
the shape of SS. However, such hybridization should not
occur in the real crystal with µm-size thickness. In such
a case, the band structure obtained with the slab cal-
culation would hardly reproduce the experimental band
structure. We therefore think that an inherent difficulty
in properly treating the SS inside the small bulk spin-
orbit gap prohibits the slab calculations from correctly
predicting the Dirac-node-arc SS.
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